The genetic structure of a population of nonsymbiotic Rhizobium leguminosarum strains was determined by the electrophoretic mobilities of eight metabolic enzymes. Nonsymbiotic strains were isolated from the rhizosphere of bean plants and characterized by growth on differential media and at different temperatures, intrinsic antibiotic resistances, the lack of homology to a nijH probe, and their inability to form nodules on bean roots. All the isolates clustered with R. leguminosarum bv. phaseoli reference strains and did not encompass any other Rhizobium taxa. Their rRNA operon restriction fragment length polymorphisms and the nucleotide sequence of a fragment of the 16S rRNA gene were also found to be identical to those of R. leguminosarum bv.
The bacteria of the family Rhizobiaceae are characterized by their ability to interact with higher plants; thus, Agrobacterium spp. are able to form tumors on plants and Rhizobium, Bradyrhizobium, Sinorhizobium, and Azorhizobium spp. can establish a symbiosis with the roots of legumes. These species have therefore been defined primarily on the basis of phenotypic characteristics such as host range, colony morphology, growth on selective media, and certain metabolic attributes (14) . The only exception to this rule is Agrobacterium radiobacter, which does not elicit any kind of cortical hypertrophy in plants but shares many of the chromosomal characteristics of Agrobacterium tumefaciens (14) .
In Rhizobium spp., most of the genes controlling nodulation, host range specificity, and nitrogen fixation are located on large transferable plasmids called sym plasmids. In Rhizobium leguminosarum these plasmids can be lost spontaneously at a high frequency and can also undergo frequent rearrangements, resulting in loss of the symbiotic capacity (14, 25) .
The isolation of nonsymbiotic Rhizobium strains from soil has been described previously. Sober6n-Chavez and Naijera (24) and Jarvis et al. (9) isolated strains from soil that are chromosomally similar to R. leguminosarum. Both groups reported that when complemented with a sym plasmid, these isolates were able to establish an effective symbiosis with the host plant as determined by the plasmid.
In the present study, we isolated nonsymbiotic bacteria by using growth on selective media, growth at specific temperatures, and intrinsic antibiotic resistances as selection criteria. The genetic relatedness of the nonsymbiotic isolates to different Rhizobium strains was determined by multilocus enzyme electrophoresis (MLEE) and corroborated by restriction fragment length polymorphism (RFLP) analysis of the rRNA operons. We sequenced a fragment of the 16S rRNA gene of three nonsymbiotic isolates and found that the * Corresponding author.
sequences were identical to that of a symbiotic R. leguminosarum bv. phaseoli strain. We then transferred an R. leguminosarum bv. phaseoli sym plasmid to eight nonsymbiotic isolates belonging to different phylogenetic clusters. The transconjugants acquired the capacity to establish an effective symbiosis with bean plants.
MATERIALS AND METHODS
Bacterial strains. Reference strains are listed in Table 1 . Cells were grown in the following media: peptone yeast medium (PY) (18) , yeast mannitol medium (YM), and minimal medium with lactose as the carbon source (MMLac; 10-7 g of FeCl3. ml-, 2.3% [wt/vol] K2HPO4, 1% MgSO4. 7H20, 1 .5% CaC12, 1% NH4NO3, 0.2% lactose). When indicated, the following antibiotics were added: kanamycin (30 ,ug. ml-'), spectinomycin (100 jig ml-'), nalidixic acid (100 p.g ml-V'), and cycloheximide (150 ,ug ml-'). Multilocus enzyme electrophoresis. Starch gel electrophoresis and the selective staining of enzymes were done as described by Selander et al. (22) . The following enzymes were assayed: alcohol dehydrogenase, NAD-malate dehydrogenase, isocitrate dehydrogenase, glucose 6-phosphate dehydrogenase, xanthine dehydrogenase, leucine dehydrogenase (LDH1), lysine dehydrogenase, and indophenol oxidase. The electrophoretic buffer system for all enzymes was Tris citrate (pH 8) (22) , except that for LDH2, the borate (pH 8.2) system was also used. Some species (all except R. leguminosarum) gave a much better reaction under these conditions. LDH electromorphs (ETs) were determined in both kinds of gels and were considered to be isozymes, not alleles, depending on the buffer system used.
Distinctive mobility variants (ETs) of each enzyme, numbered in order of decreasing anodal mobility, were equated with alleles at the corresponding structural gene locus, and the ET patterns were considered to be multilocus genotypes (Table 2) .
From allele frequencies for ETs, the genetic diversity for an enzyme locus was calculated as
where xi2 is the frequency of the eth allele and n is the number of ETs. The mean genetic diversity per locus (H) is the arithmetic average of h values for the nine loci (22) . The genetic distance between each pair of ETs was estimated as the proportion of loci at which dissimilar alleles occurred (mismatches); clustering from a matrix of pairwise genetic distances was performed by the UPGMA method of Nei and Li (16) .
Filter blot hybridization. DNA purification, digestion, and hybridization procedures were carried out as described by Flores et al. (7) . The presence of nifH in the isolates was determined by hybridization of EcoRI digests of total DNA blotted on nylon membranes and probed with plasmid pCQ152, which carries a 0.3-kb SalI fragment of the R. leguminosarum bv. phaseoli CFN42 nifHa gene (20) .
Derivatives were traced and verified by their cos3O9 EcoRI RFLP; cos3O9 carries a 30-kb chromosomal fragment of strain CFN42 cloned in the EcoRI site of cosmid pLAFR1 (17) .
The RFLPs of the rRNA operons were determined by hybridization of total DNA Sau3A digests probed with plasmid pKK3535 (3). This plasmid carries a 7.5-kb BamHI fragment containing the Escherichia coli rrnB operon cloned in plasmid pBR322.
Relative levels of hybridization were estimated by using a modification of the Southern blot procedure as follows. 
(5).
Transfer of the R. leguminosarum bv. phaseoli p42d sym plasmid to nonsymbiotic isolates. Spontaneous Spr derivatives of the nonsymbiotic isolates were used as recipients in triparental matings with strain CFNX78 as the p42d donor and E. coli HB101(pRK2013) as the mobilization helper (2, 23) . Transconjugants were selected by their ability to grow on PY containing spectinomycin, kanamycin, and nalidixic acid. The transconjugants were authenticated by their nifH and cos3O9 RFLPs.
Bean nodulation and nitrogen fixation assays. Bean (Phaseolus vulgaris L. cv. Negro Jamapa) nodulation assays and nitrogen fixation determination by the acetylene reduction assay were carried out as described previously (13) .
RESULTS
Identification of nonsymbiotic R. leguminosarum. Soil bacteria were isolated from the rhizosphere of bean plants and characterized by growth on differential media and at different temperatures. A total of 85 isolates having growth characteristics similar to those of a wild-type Rhizobium leguminosarum bv. phaseoli type I strain were chosen. The selected strains were examined by Southern hybridization for the ability to hybridize to a nitrogenase reductasespecific (nifH) probe (pCQ152). Only 2 of the 85 strains showed any homology to the nifH probe. These two strains proved to be R. leguminosarum bv. phaseoli, as they were able to nodulate and fix nitrogen in symbiosis with bean plants (data not shown). The 5  95  7  7  1  96  7  7  2  97  7  6  2  98  7  6  4   99  6  3  2  100  7  2  2  101  7  2  3  102  8  3  3  103  8  2  3  104  3  2  3  105  3  3  4  106  4 analyzed the genetic diversity of our sample together with bona fide R. leguminosarum bv. phaseoli type I strains. Several strains were isolates from the same field collected at the same time from nodules found on the roots of the bean plants, and others were reference strains from our collection ( Table 1) . To establish whether the isolates belonged exclusively to R. leguminosarum bv. phaseoli type I strains or whether they could be other Rhizobium species, we incorporated isolates of other biovars or species: R. leguminosarum bv. phaseoli type 11 (12) In this analysis, all enzymes assayed were polymorphic, with allele frequencies (h) ranging from 0.272 to 0.978 for indophenol oxidase and LDH2, respectively (Table 3) , and a mean genetic diversity for the whole collection of H = 0.689, including:all species. In estimations of the genetic diversity of division I only (Fig. 1) 449, CFN460, CFN469, and CFN478) belonging to the main groups found on the genetic distance tree in division I were selected for RFLP analysis of the rRNA operons. Total DNA Sau3A digests were blotted and hybridized with plasmid pKK3535. The hybridization patterns of the nonsymbiotic isolates were the same as that of R. leguminosarum bv. phaseoli type I strains (Fig. 2) . Nucleotide sequence of the 16S rRNA gene. Doublestranded polymerase chain reaction products of a fragment of the 16S rRNA gene from three nonsymbiotic isolates (CFN426, CFN439, and CFN460) and from the wild-type strain CFN42 were sequenced as described in Materials and Methods. The sequenced region encompasses a zone of variation among species (15) . All proved to be identical in the 356-bp sequence (Fig. 3) .
DNA homology among nonsymbiotic isolates. To estimate DNA sequence similarity coefficients, we measured the total DNA homologous hybridization percentage of the eight nonsymbiotic isolates probed with 32P-labeled total DNA from strains CFN2001 and AD822, two derivatives cured of their symbiotic plasmids belonging to R. leguminosarum bv. phaseoli types I and II, respectively. All the R. leguminosarum bv. phaseoli type I strains, as well as the nonsymbiotic isolates, have similar relative percentages of hybridization (-S59%) to strain CFN2001 (Table 4 ). The two R. leguminosarum bv. viciae and trifolii strains, USDA2337 and USDA2048, have, respectively, 48 and 49% homology to strain CFN2001. The R. leguminosarum bv. phaseoli type II strain CIAT899 and R. meliloti SU47 both have low levels of homology to strain CFN2001 (28 and 26%, respectively). All strains have low levels of homology to R. leguminosarum bv. phaseoli type II strain AD822, except for its parent strain, CIAT899 (Table 4) .
Symbiotic effectiveness of nonsymbiotic derivatives carrying a sym plasmid. The symbiotic plasmid of R. leguminosarum bv. phaseoli type I strain CFN42 (p42d) was To verify that the nodules had indeed been formed by the transconjugants, three nodules from each plant were surface sterilized and crushed on PY plates devoid of any antibiotic. Twenty isolated colonies from each nodule were tested for their resistances to kanamycin, spectinomycin, and nalidixic acid. All colonies tested were spr, Kmr, and Nalr. Strains were further authenticated by their nifH and cos3O9 EcoRI RFLPs (Fig. 4) .
DISCUSSION
Genetic relatedness of the nonsymbiotic isolates. We report here the isolation from soil of a population of nonsymbiotic R. leguminosarum strains. These strains were selected by their ability to grow in different media (PY, YM, and MM-Lac) supplemented with nalidixic acid at 30°C and their inability to grow at 37°C or in LB medium. These are traits known to be common to all R. leguminosarum bv. viciae, trifolii, and phaseoli type I strains. This screening eliminates strains belonging to different Rhizobium species; for instance the R. leguminosarum bv. phaseoli type II strains are capable of growth at 37°C and in LB (11), some Brazilian type I isolates can also grow at 37°C but not in LB, and not all R. meliloti strains are Nalr.
The genetic structure of this collection, as determined by the MLEE data, shows that the nonsymbiotic strains are clustered with the R. leguminosarum bv. phaseoli type I strains. The DNA sequence similarity coefficients of the nonsymbiotic strains were determined by hybridizing, under (12) . This is supported by the observation that the most diverse group in the R. leguminosarum species is that of the biovar phaseoli (19) . Pifiero et al. found a 0.691 level of mean genetic diversity for R. leguminosarum by. phaseoli, which led them to propose that this species was a polyphyletic assemblage of genetic lineages (19 In our screening we found a ratio of 1 symbiotic strain to 40 nonsymbiotic strains. The true proportion may very well be higher because we cannot reject the possibility that the symbiotic strains escaped from the nodules in the roots from which we isolated our strains. This ratio could vary as a function of the time and method of sampling and the prevailing conditions in the soil.
Because the genus Rhizobium is defined by an ability to establish a symbiosis with the roots of legumes, nonsymbiotic isolates, although chromosomally identical, are excluded. As other authors have already pointed out, a biologically meaningful classification of the genus Rhizobium should be based on allelic variation in chromosomal genes rather than on plasmid-encoded phenotypes (6, 19) . The inclusion of nonsymbiotic strains in the phylogeny of Rhizobium species provides a new framework for the understanding of the evolutionary history of the bacterium-plant interaction. To further understand the ecology of Rhizobium species it will be necessary to take into account the existence of these apparently abundant nonsymbiotic Rhizobium species and their participation in the generation of new symbiotic strains with different adaptive traits.
